Construction tasks form a major part of children's play and can be linked to achievement in maths and science. However there is a lack of understanding of construction task ability and development. Therefore, there is little foundation for the applied use of construction tasks, such as in teaching or research, as there are no apparent methods for assessing difficulty. This empirical research identifies four construction task characteristics that impact on cognition and predict construction task difficulty in children aged 7-8 and 10-11 years and adults. The results also reveal a developmental trajectory in construction ability.
Introduction
Construction tasks involve making objects from components and are a major theme of children's play and learning (Piaget, 1962; Wolfgang & Wolfgang, 1999) . Although play in general has been studied extensively, the attention given to construction play has been limited (Wolfgang, Stannard & Jones, 2003) . Given the ubiquity of construction and assembly tasks from infants' and children's play and into adulthood, the lack of understanding of construction and assembly ability and its development is surprising. This on its own is justification for further research, but there are further compelling reasons for further investigation. First, play preferences for construction toys are linked to later achievement in maths, science and possibly language development (e.g. Greenfield, 1991; Kersh, Casey, & Young, 2008; Wolfgang et al., 2003) . Second, construction tasks form a part of design and technology curricula, and therefore a greater understanding of the characteristics of construction tasks can inform curriculum development in the future. Third, once a greater understanding of norms in this area is achieved, construction tasks can provide excellent opportunities for investigating and identifying atypical development in children so that appropriate interventions can be planned. Fourth, there is no apparent method for assessing and predicting assembly difficulty in children. In the current article, we use a novel methodology for empirical research into children's construction task performance to identify task characteristics that impact on cognition and influence construction task difficulty.
Construction tasks such as object assembly are paradigm examples of complex events (Zacks & Tversky, 2003) that depend upon a range of cognitive aspects, such as visuo-spatial cognition, imagery, visual search and spatial problem solving, all of which place demands on working memory (Pillay, 1997) . Construction requires both an understanding of the components and the perception of their spatial relationships (Brosnan, 1998) . Furthermore, the production of more complex structures can be related to the development of a child's 4 capacity to represent spatial relationships mentally . Given that construction tasks depend upon a range of cognitive abilities it can be predicted that assembly performance will reflect the development of cognition. For example, during development, there are distinct cognitive changes (e.g. how the task is organised) in children's block building . Spatial abilities, such as manipulation of mental representations, that underlie construction tasks (Clements, 1999) are based in working memory (WM) and the majority of research into the development of WM shows a steady increase in capacity from early childhood through to adolescence (e.g. Dempster, 1981) . Gathercole, Pickering, Ambridge and Wearing (2004) state that from the age of 4 through to adolescence each component of working memory undergoes a linear increase in capacity, and that the basic structure of Baddeley and Hitch's (1974) working memory model is present by 6 years of age. We would, therefore, expect proficiency on assembly tasks to be related to these developments in WM.
As cognitive development will impact on children's assembly ability, it is not surprising that play preferences for construction toys have also been linked to the development of visuo-spatial skills (Brosnan, 1998; Caldera, Culop, O'Brien and Truglio, 1999) , which in turn have been related to later achievement in maths and science (Assel, Landry, Swank, Smith & Steelman, 2003; Burnett, Lane, & Dratt, 1979; Casey, Nuttall, Pezaris & Benbow, 1995; Casey, Nuttall, & Pezaris, 1997; Geary, Saults, Liu, & Hoard, 2000; Robinson, Abbott, Berninger, & Busse, 1996; Tracy, 1990) . Further evidence that early play with construction tasks is linked to later academic achievement is provided by Wolfgang et al. (2003) who identified a relationship between LEGO performance at preschool and mathematical achievement in high school, and Kamii, Miyakawa and Kato (2004) who concluded that block play encourages the development of mathematical thinking in young children. Furthermore, Kersh et al. (2008) suggest that construction using blocks provides a rich context for spatial and mathematical thinking, encouraging the development of maths concepts. There is also evidence that object assembly and speech production have common neurological foundations (Greenfield, 1991) . Given these connections between construction play and cognitive performance, the use of construction play could be an effective way of developing spatial and mathematical thinking in young children . Finally, the role of play, in general, is an important part of early intervention for children with developmental disabilities (Casby, 2003) . Based on the evidence above, if there were a method to establish construction task difficulty at various age points, then construction tasks could be used as part of an assessment battery in identifying weak areas of a child's abilities. Novick and Morse (2000) noted that previous research using assembly tasks has not attempted to control the complexity of the task itself -further stating that there is no apparent methodology to do so. Although Casey et al. (2008) , based on the work of Reifel and Greenfield (1982) , have rated the structural complexity of children's block constructions in terms of spatial dimensionality and hierarchical integration, this is a more general classification of assembly types produced during free play that is not embedded in task characteristics that can vary within any one type of assembly (e.g., assemblies classified as 3D horizontal enclosures can vary in complexity). However, a method based on task characteristics has recently been validated in adults that identifies the physical characteristics of constructions that relate to cognitive function and assembly performance (Richardson, Jones & Torrance, 2004; Richardson, Jones, Torrance & Baguley, 2006) . This allows the difficulty of a construction to be quantified and predicted, and as far as we are aware, represents the only methodology to provide evaluations of construction task difficulty and control them in an experimental setting.
Previous Research on Construction tasks
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In the experiments reported by Richardson et al. (2006) , construction task variables hypothesised to impact on cognition (which are detailed below) were systematically varied in a balanced fractional factorial and orthogonal design. Adult participants were observed carrying out a range of construction tasks that varied in their construction task variable levels.
A clear relationship between the construction task variables and assembly complexity was found and a regression model developed. This model successfully predicted the difficulty of a variety of new construction tasks built by different participants using different materials (with ecological correlations up to r=0.99). Further, the theoretical basis of the construction task variables and regression analysis allowed the most important construction task variables to be identified and placed in a cognitive context. This research provides a theoretical basis (cognitive load), presented below, and a methodology which is proven with adults, but untested with children.
Theoretical Basis of Construction Task Variables
The construction task variables hypothesised by Richardson et al. (2004 Richardson et al. ( , 2006 operations identified were mapped on to seven physical characteristics of assemblies that were hypothesized to impact on cognition and therefore affect assembly complexity. The four construction task variables (described below) were found to be significant predictors of assembly task complexity and performance in adults by Richardson et al. These task characteristics can therefore be hypothesised to predict children's task performance as children have the same fundamental cognitive structures as adults, with limited processing 7 capacity (e.g., WM). The construction task variable definitions and justification will now be introduced.
Selections (S). The total number of components (including redundant components) available to select from at the start of an assembly task or assembly step as defined by the instructions. Selection of components for the next assembly procedure is affected by the number of components to choose from and this factor accounts for situations where there are redundant components are available (e.g., in the initial steps of an assembly with multiple steps defined by the instructions). The number of elements to be searched has a dominant effect on search time (Drury & Clement, 1978) , so the number of components available for selection impacts on cognition and assembly complexity. According to Gerhardstein and Rovee-Collier (2002) , there are no qualitative differences in visual search performance between infants, very young children and adults. Development of visual search, therefore, seems to be synonymous with an increase in processing speed. It can be predicted that the underlying differences in information processing will lead to differences between children and adults.
Symmetrical Planes (SP). The mean number of symmetrical planes measured in three planes, X, Y and Z per component in an assembly task or assembly step as defined by the instructions. Orientation involves three-dimensional mental representations that require time, effort and processing resources (Cooper, 1988) . Such spatial orientation and manipulation is sensitive to the complexity or amount of information processed simultaneously (Denis, 1991) .
However, the orientation of the component to allow positioning is affected by the characteristics of the component, (e.g., a symmetrical component can be correctly placed in more than one orientation). Therefore, decisions relating to orientation are related to the number of symmetrical planes of the component. With a higher level of symmetrical planes fewer rotations are required until the correct orientation is found. Brosnan (1998) reported a 8 correlation between children's ability to replicate a complex LEGO structure and their mental rotation task performance. Such spatial abilities are reliant on WM, both of which develop throughout childhood (Clements and Battista ,1992; Van Hiele, 1986; Dempster, 1981) . It is argued assembly performance is highly dependent on the level of component symmetry, which itself is related to spatial skills which develop throughout childhood It can therefore be hypothesised that this variable will be susceptible to age affects and of greater importance in children than adults.
Components (C). Number of components in the completed assembly task or assembly step defined by the instructions. The number of components impacts on assembly complexity owing to the simple relationship with the amount of information being processed in WM (Kalyuga, Chandler & Sweller, 1998) . As the capacity of WM increases throughout childhood, the number of components should have a more marked effect on task performance in children than in adults.
Novel Assemblies (NA). The number of unique assembly procedures in an assembly task or assembly step as defined by the instructions. If an assembly procedure is repeated during an assembly with the same components, its sub-operations will have been successfully performed before and will exist in the user's WM for a repeat procedure. Therefore the demands on processing resources are reduced (Cooper, 1988) . As above, given the development of WM throughout childhood, the variety of components and therefore number of unique assembly procedures should have a more marked effect on task performance in children.
Aim and Hypotheses
In summary there are compelling reasons to investigate construction play in children given the paucity of research in this area. A fundamental requirement to allow wider investigation of construction tasks is a sound methodology. In the following experiment, the 9 four construction task characteristics found to be significant in adults by Richardson et al. (2006) are systematically varied in a series of construction tasks while holding constant the mode of task presentation (single step diagrammatic instructions). The primary aim is to demonstrate that the construction task characteristics predict assembly performance in both adults and children (aged 7-8 and 10-11 years). The research also aims to consider age effects through direct comparisons. The analysis of the impact of these characteristics at different ages also gives an insight into the development of construction ability in children. Based on the literature presented above, it is hypothesised that the four task characteristics will predict task performance in adults and children and that the relationship will be susceptible to age effects.
Method
The research methodology used by Richardson et al. (2006) was repeated. The construction task variables, derived from cognitive theory and defined above, were varied in seven balanced, fractional factorial and orthogonal assembly tasks while holding constant the mode of task presentation (instructions showing an exploded isometric view and a final target diagram). Whilst the importance of the instructions is acknowledged, it is the characteristics of an assembly task that fundamentally define assembly complexity. Participants in three age groups constructed all seven objects in a repeated measures design, allowing the relationship between the construction task variables and children's assembly performance to be studied.
The time taken to complete each assembly was measured. It is proposed that time based performance differences are related to complexity and the qualitative state of the task (Stankov, 2000) , and to basic elements of the cognitive system such as working memory owing to limited capacity and short duration (Arend et al., 2003) .
Participants
There were 36 participants from three age groups. eight participants aged 7 and 8 years (mean age 8 years 0 months; SD=2.9 months; range 7 years 8 months to 8 years 4 months); eight participants aged 10 and 11 years (mean age 10 years 10 months; SD=3.2 months; range 10 years 7 months to 11 years 3 months); twenty adults comprised of 12 females and 8 males, age range 18 to 52 years. There were an equal number of boys and girls in each group and all the children were pupils at a primary school in Derbyshire, United Kingdom; adults were from a variety of backgrounds. The repeated measures design produced 56 observations for each of the younger age groups (8 participants x 7 assembly tasks) which exceeds the number required (Green, 1991) to repeat the analysis used in the previous published research of Richardson et al. (2004 Richardson et al. ( , 2006 ).
Materials
The construction task variables hypothesized to have an impact on cognition and therefore complexity and performance were manipulated in a series of constructions tasks.
The tasks used were seven LEGO assemblies based on real world objects with between four and twelve components and identical to those used by Richardson et al. (2006) . Commercial real world assemblies were not used because their task variable levels tend to strongly correlate with each other (Richardson et al., 2004) . These assembly tasks were designed to provide sufficient independent variability to disambiguate the separate effects of the variables, and to control collinearity in the regression analysis. To ensure an orthogonal design the assemblies were modified based on an iterative process as follows: calculation of the four construction task variable levels for each assembly; analysis of correlation between task variables; modification of assemblies ensuring a range of task variable levels (High and Low based on the mean) and reduction of any high correlations. Table 1 shows the task variable levels that were used to design each assembly. For example, the chair (see Figure 1) contained: A low number of component parts in the completed assembly, a high level of 11 symmetrical planes, a variety of components to create a high number of novel assemblies, and a low level of selections (no redundant components were added to the set). All assemblies used one colour only. Two more practice assemblies were also used. Single step exploded isometric instructions (see Figure 1 ) and target diagrams of the completed assemblies were used. Table 1 about here
The fundamental procedure was the same for all participants, but adapted for children as required. Participants were seated at a table, briefed and informed that they should follow the instructions provided in order to complete each assembly. They were informed that the investigator would provide a box of components and that sometimes there would be redundant components. When the participant confirmed they understood all the instructions the two practice assemblies were completed. Then the seven research assemblies were presented and timing of each construction began once the components and instructions were available. Timing stopped when the participant indicated they had completed the assembly.
All participants were instructed not to rush as timings were only used to assess the assemblies, not those taking part. Order effects were controlled by independent randomisation of the order of presentation of the seven construction tasks. Child participants took part on a one-to-one basis in a quiet area of the school (the school library) and the experimenter demonstrated how the instructions could be used to aid the construction.
Results
Coding
In previous studies using nut and bolt fastenings, a coding scheme to remove the variability in the total assembly time due to the time spent on fastening procedures was required. The time remaining ('thinking time') reflected the time participants had spent viewing the instructions and deciding how to assemble the object. Push-to-fit fastening used here means that fastening times for assemblies are low, indeed it is difficult to identify a time for fastening because fastening occurs so quickly. The separation of fastening and thinking times was therefore unnecessary, with total assembly time used as a measure of thinking time. 
Relationship of Construction Task Variables to Assembly Time
Assembly time was transformed for each assembly as it was skewed towards zero, DV = LOG(Assembly Time). To examine the relationship between thinking time and the assembly task variables, multiple regression analysis was used for each age group.
7-8 year olds
All 56 observations of assembly time for the 7 assemblies were included and the analysis described previously was repeated. The between participant dummy variables in model 1 gave R=0. 43 
Adults
All 140 observations of assembly time for the seven assemblies were included in the analysis. As there were multiple data for each participant, dummy variables to identify each participant were entered in the first block in order to control for variability due to individual differences (Pedhazur, 1982 Table 2 . Table 2 about here
Prediction of Thinking Time
The task variable scores for each of the seven assemblies were entered into the regression equation produced by Richardson et al. (2006) to produce predicted assembly times. This regression equation was based on data collected from 12 adults building 16 abstract Meccano assemblies. The predicted assembly times were then compared to the actual mean assembly times for each of the 7 assemblies for the 7-8 year olds (see Table 3 and Figure 2 ), again showing a strong ecological correlation (r(5) = 0.814, p<.05). The predicted assembly times were compared to the actual mean assembly times for each of the 7 assemblies for the 10-11 year olds (see Table 3 and Figure 3) showing a strong ecological correlation (r(5) = 0.914, p<.01).
------------------------------
Insert Table 3 about here
Comparison across ages
The multiple regression results from the three age groups reveal that the four task variables were significant at all age points. That is, task difficulty is associated with increases in the number of components, novel assemblies, and selections, and a decrease in the number of symmetrical planes. However, what is more important is the predictive quality of each of these task variables at each age.
A hierarchical regression analysis was conducted to investigate the interaction between age and task variables in predicting assembly time. Variables were entered in three sequential blocks, dummy participant identity variables to control between subject effects, main effects of age category and task assembly variables and, last, interactions between age and task assembly variables.
To create a single variable representing cumulative between participant differences, assembly time was regressed onto all between participant variables, and predicted values saved as scores. This variable was entered as block 1 to control between participant differences. The age category variable (coded adult =1, age 10-11 years =2 and age 7-8 years =3) and task variables were entered as block 2. Four interaction terms were computed by centring the task variables and multiplying them by age category. These were entered as block 3. A significant change in R 2 after the entry of each block signifies that the block adds to explained variance, controlling variables entered at previous steps. This provides a single 16 conservative significance test of all interactions (Aiken & West, 1991) . The block change in R 2 is preferred to assessment of standardised betas of individual predictors, which can be unstable due to multicollinearity (Cohen & Cohen, 1983 ).
The overall equation was significant (R 2adj =.77, F (4,184) = 139.53, p<.01). The between subjects variable explained 38.6% of variance in assembly time (p<.01). The entry of age category and task assembly main effect variables for symptoms showed a significant R 2 increase of 33.4%. Entry of block 3 representing the interaction variables showed a significant R 2 increase of 1.7% (p<.05).
Follow-up individual analyses were conducted to establish which variables contributed to the interactions. Z Tests were used to compare the unstandardised regression coefficients from the three age groups (Paternoster, Brame, Mazerolle, & Piquero, 1998) .
This method requires regressions to be performed in separate groups and variables in the regression model in each group that are the same. It is a fairly conservative method and follows on from more extensive work by Clogg, Petkova and Haritou (1995) . Two construction task variables were found to have significant differences (p<.05) between the 7-8 year olds and adults: Symmetrical Planes (Z=-2.07) and Novel Assemblies (Z=2.154).
Components (Z=0.57) and Selections (Z=1.71) were not significant. No other comparisons were significant. The 10-11 year olds unstandardised regression coefficients were similar to those of adults (see Table 4 and Figure 4) , suggesting that by age 10-11 years the task variables are having a similar affect on children's performance as they do on adult performance, showing a rapid development over the intervening 3 years. However, the difference with 7-8 year olds was not significant owing to a larger standard error. Table 4 about here Table 4 and Figure 4 show how the impact of the construction task variables (shown by unstandardised betas) varies between age groups; dropping rapidly from 7-8 years to 10-11 years and levelling off from 10-11 years to adult. The novel assemblies and symmetrical planes variables in particular have a greater affect on construction time at the youngest age group.
Discussion
It is clear from the results that the primary aim of the research has been met. The methodology used by Richardson et al. (2006) can be successfully applied to investigate construction tasks in both adults and children. This alone is notable as it provides a method to evaluate and control the complexity of assembly tasks in further research. There are though, further important findings. The regression model derived from abstract Meccano model performance by adults predicts children's LEGO building performance very well and the four construction task characteristics that predict assembly performance in adults have been found to relate to assembly performance in 7-8 and 10-11 year olds. The results across the three age groups are convincingly consistent, but it can also be seen that age differentially relates to the construction characteristics. Notable differences were found in the impact of the construction task variables on the performance of children aged 7-8 years. The impact on children aged 10-11 years was very similar to the impact on adults. As one may expect, adult performance was quicker overall, indicating the need to identify other variables that impact on children's construction task performance.
The four task characteristics were hypothesised to predict children's task performance based on literature suggesting that children have the same fundamental cognitive structures as adults, albeit with limited processing capacity. Planes.
The Symmetrical Planes task characteristic was argued to relate to spatial abilities reliant on WM, both of which develop through childhood leading to the hypothesis that this task characteristic would be of greater importance in children than adults. As predicted, the regression coefficient was noticeably higher at the youngest age point and the Z-tests revealed a significant difference in the relationship between Symmetrical Planes and performance between children aged 7-8 years and adults. That is, any significant increase or decrease in the level of Symmetrical Planes has a greater impact on the assembly performance of 7-8 year olds than adults. By the age of 10-11 years the impact of symmetry on performance is similar to that seen in adults.
Similarly, it was argued that the Novel Assemblies task characteristic was also related to WM capacity and its development throughout childhood, leading to the prediction that the number of unique assembly procedures would have a more marked effect on task performance in children. Once again the regression coefficient was noticeably higher at the youngest age point and the Z-tests revealed a significant difference in this relationship between Novel
Assemblies and performance between children aged 7-8 years and adults. By the age of 10-11 years the impact of component variety (the source of Novel Assemblies) on performance is similar to that seen in adults.
The Selections task characteristic was derived from the visual search literature and was found to predict task performance in children in both age groups. It was also predicted that underlying differences in information processing would lead to differences between children and adults. The Z-tests did not reveal a significant differential in the impact of Selections on performance between children and adults. This supports the finding that there are no qualitative differences in visual search performance between children and adults (Gerhardstein and Rovee-Collier, 2002 ) and differences in visual search owing to developmental factors such as underlying processing speed are not apparent.
Finally, the Components task characteristic was again related to the demand on WM and a similar prediction was made that the number of components should have a more marked effect on task performance in children than in adults. This differential effect was not apparent.
However, this finding does contribute to our theoretical understanding of how the Components task characteristic relates to assembly performance as it suggests that the number of components is not associated with a load on WM. Rather the number of components is a significant predictor of assembly performance simply because assemblies with more components take longer to do. Therefore, we can conclude that it is the nature of the components, their symmetry and variety, rather than pure quantity that impact on cognition and assembly complexity in children and adults, to a level above more simple measures such as the number of components.
The impact of the number of components should not be ignored though. The significance of this factor, and inclusion in a regression model, allows more accurate prediction of assembly performance and complexity. It is the accurate prediction of assembly performance and complexity and the understanding of the important task characteristics that 20 are key to further research and application of findings in this area. The results of the studies above, together with the findings from Richardson et al. (2006) which predicted children's performance well, show that the approach of using assembly task characteristics to study assembly difficulty is reliable and that the task variables identified are valid. It is also important to note that Richardson et al. found a convincing level of consistency in results when using different assemblies, made using different construction materials and different task variable combinations. This suggests that the findings presented here are not limited to LEGO assemblies, but can be applied to a broader range of construction tasks.
The methodology and results from this and previous work (Richardson et al., 2006) inform future empirical study involving construction tasks and children. The control of variables is fundamental to any experimental work and previously there has been no method for achieving this (Novick & Morse, 2000) . The four task characteristics can be used to design controlled construction tasks or quantify and predict the difficulty of existing assemblies, or assembly steps, as defined by assembly instructions. With further data collection the methodology can be used to prepare age-appropriate construction tasks for various age points.
Furthermore, it may be possible to combine the present task characteristics approach with ratings of spatial dimensionality and hierarchical integration used by Casey et al. (2008) . The cognitive basis of the task variables also allows controlled construction tasks to be used in wider research with children. For example, materials could be developed for research related to spatial WM where component symmetry could be varied while holding other construction task characteristics constant.
Given the link between construction task use in children and later achievement in maths, science and possibly language development, additional research into the normative development of construction task abilities (with controlled materials) would allow construction play based assessment of atypical ability and inform the development of early 21 intervention strategies that allow bespoke teaching and learning plans. Further, the ability to quantify and predict the difficulty of a given construction task for children of different ages informs curriculum design such that age and ability appropriate construction based exercises can be created. Therefore, in the longer term, the research strand opened up by this study could benefit those involved in education from curriculum designers to teachers and to children, who can benefit from a well designed curriculum. 
